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During  each  tut,  tha  normal  load,  Che  tangential  land  and  the 
temperature  wit  continuously  recorded.  After  each  teat,  other 
measurement a  were  nade,  according  to  tha  requirement*  of  tha  *tudy, 
by  ualng  method*  auch  aat  -  daaalty  neaaorewenta;  wear  coefficient 
measurement*  (ualng  prof llowatxy  method*) z  hatdneaa -and-  ■  •  - 
alcrofaardneeja;  micrography;  roughness;  x-Rays;  aicroacan;  electronic 
micro a cop*. 


A a  for  the  friction  of  carbide-baaed  coating;  oar  atudy  ahowa  four 
phase*-,  which  depend-  on  the  temperature:  -  T<100*Ci  influence  of.  - 
water  filna  -  100*C  T  <*400*C:  disappearance  of  water;  metallic 
friction  -  400*C  T  4.T<L :  diaappearanca  of  metallic  friction; 
appearance  of  large  amounts  of  oxidea  that  improve  the  friction  - 
T^T^:  catastrophic  oxidation  of  tha  eoatlng. 

Aa  for  the  friction  of  oxide-baaed  coating**,  our  study1  ahowa  the 
following:  it  waa  not  poeaibla  to  define  a  typical  behaviour  of  the 
oxidea,  except  thar  their  friction  waa  beat  between  400*C  and  T'\ 

In  all  caaea,  the  friction  behaviour  waa  shown  to  be  related  to°fhe; 
appearance  of  glased  filna.  A  new  chemical  behaviour  is  proposed  for 
Cr,0_,  that  explains  its  tribological  behaviour.  It  was  shown  tht 
tha  behaviour  of  the  coating  of  Al.O,  and  Cr.O.  compounds  was  closely 
related  to  that  of  . 


Finally,  it  should  be  noted  that  the  carbide-based  cermets  are  much 
more  resistant  to  straaa,  within  tha  temperature  ranges  studied,  than 
tha  oxide-based  coatings. 


abstract 


Tha  purpose  of  this  study  is  tha  tribological  analysis  of 
coating  materials  containing  basically  caraaics  and  coasts,  which 
can  ba  sintsrad  or  sprayed.  Tbs  aatarlals  studisd  wars  : 


-  69%  TiC  ♦  31%  Hi 

-  80%  Cr?C3  ♦  20%  NiCr 

-  25%  MC  +  5%  Ni  -  70%  W/Cr 


-*12°3 


-  X%  Cr2°3 


%  (10044%  xl203 


Tha  tasts  wars  conduct ad  by  aoans  of  two  high  taaparature 
tribcaietars,  ona  working  in  a  vacuum,  and  tbs  otbar  in  air.  Tha  contact 
prassura  was  1  If/a2  and  tha  friction  spaad  5  a/mu.  Thus  conditions 
paaittad  us  to  disragard  friction- inducad  tamparatura  pbancmana. 

During  aach  tast,  tha  normal  load,  tha  taagantial  load  and 
tha  tamparatura  wars  continuously  racordsd.  Aftar  aach  tast,  othar 
maaaursmonts  wars  aada,  according  to  tha  requirements  of  tha  study, 
by  using  msthods  such  as  : 


-  density  measuramonts 

-  waar  coefficient  maasuramants  (using  profili 

-  hardness  and  microhardnass 

-  micrography 

-  roughness 

-  X-Rays 

-  micro  scan 

-  electronic  microscope 
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As  for  tbo  friction  of  earblds-baaad  coating,  our  study  shows 
four  phases,  which  d spend  on  tha  tsmparaturs  s 

-  T  4  100*c  t  influence  of  watar  films. 

-  100*c  <.  T  4  400*c  >  disappearance  of  watar  »  mats  11 1c  friction. 

-  400 »c  ^  T<  T  :  disappearance  of  aotallic  friction  i 

appear anca  of  largo  aaonnta  of  ox Idas 
that  improve  tha  friction. 

-  X  ■>  f  catastrophic  oxidation  of  tha  coating. 

As  for  tha  friction  of  oxida-basad  coatings,  our  study  shows 
tha  following  :  it  was  not  possible  to  define  a  typical  behaviour  of 

tha  oxides,  except  that  their  friction  was  best  between  400*C  and  T _ . 

In  all  cases,  the  friction  behaviour  was  shown  to  be  related  to  the 
appearance  of  glased  films.  A  new  chan leal  behaviour  is  proposed  for 
Cr203,  that  explains  its  tribological  behaviour.  Xt  was  shown  that  the 
behaviour  of  tbs  costing  of  AljOj  and  CtjOj  compounds  was  closely 
related  to  that  of  Cr^. 

finally,  it  should  bo  noted  that  the  carbide- based  carnets 
are  much  more  realstint  to  stress,  within  the  temperature  ranges 
studied,  than  tha  oxide-based  coatings. 
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-  INTRODUCTION 


There  are  two  principal  origins  for  the  idss  of  causing  friction 
between  oxidss  and  carbides,  which  ara  ralatad  to  two  not  vary  rscant 
obsarvations. 

For  ons  thing,  it  was  raalizad  that,  with  dry  sliding  of  thasa 
matala,  oxidation  could  ba  a  factor  of  noticaabla  laprovant  in  tha 
conditions  of  friction. 

Xn  addition,  wa  know  that  tha  mechanical  propartias  of  matala 
daclina  rapidly  with  incraasaa  in  temperature,  whila  tha  so-callad 
refractory  materials  ara  only  subject  to  this  dafact  at  much  higher 
temperatures. 

Among  these  refractory  materials,  wa  have  oxides  and  carbides 
that  ara  relatively  easy  to  obtain,  and  that  also  have  quits  remarkable 
machanical  propartias  at  high  tamperatura. 

High  tamperatura  work  is  necessitated  by  progress  in  technology 
(aeronautics  and  aerospace  science)  as  wall  as  by  improvements  in  efficiency 
(automobile  motors  and  turbines,  for  example)  involving  significant  energy 
savings. 

It  has  became  indispensable  for  us  to  understand  in  full  the 
friction  mechanisms  of  refractory  material'' ,  aa  wall  as  to  define  the 
parameters  influencing  this  friction. 
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2.1  -  Ceramic  and  natality  ceramic  materials  s 

Ceramics  ara  matallic  or  non  metallic  inorganic  composites, 
ganarally  vary  hard,  frag 1 la  and  rafractory  with  ionic  or  covalent 
bonding. 

In  the  high  temperature  applications  which  are  of  inter eat  to 
ua,  two  typea  of  ceraalca  ara  uaad  : 

-  Intermata 1 lie  binary  coapoaitea  such  aa  carbides,  nitrides 
and  ailicidea 

-  metallic  oxidea. 

They  have  roarkable  properties  at  high  taaperaturea ,  but  their 
fragility  at  low  taaperaturea  and  their  susceptibility  to  thermic  and 
mechanical  shocks  have  so  far  limited  their  applications. 

The  need  for  modern  technologies  to  obtain  mechanisais  that  are 
functional  at  high  taaperaturea,  and  recant  progress  in  obtaining  suitable 
materials,  permit  us  to  anticipate  the  use  of  these  materials,  that  are 
the  only  ones  capable  of  resolving  certain  problams  such  aa  high 
temperature  friction. 

Hetallo- ceramic  materials  represent  a  compromise  between  the 
toughness  and  refractoriness  of  ceramics,  and  the  conductivity  and  impact 
resistance  of  metals.  Among  materials  of  this  type,  we  took  particular 
interest  in  cermets,  com posad  of  a  continuous  ceramic  network  impregnated 
with  metal.  Both  contribute  to  the  solidity  of  the  structure,  and  to  its 
behaviour  during  high  temperature  tribological  applications. 

2.2  -  sliding  friction  and  wear  : 

2.2.1  :  Interactions  between  the  surfaces  and  causes  of  friction  : 

All  surfaces  are  rough  at  the  microscopic  scale.  Contact  between 
surfaces  therefore  occurs  at  the  level  of  their  asperities.  Under  such 


conditions ,  ths  real  contact  araa  la  only  a  fraction  of  tha  nominal 
contact  araa. 

BOWDRf  and  TABOR  Cl  3  t  believe  that  during  sliding  vary  strong 
adhesive  conn actions  appear  that  oust  ba  shear ad.  This  adhasiva  force 
could  therefore  ba  tha  prlaary  causa  of  friction  (Fad) .  Ploughing  forces 
have  to  ba  added  whan  there  is  a  big  difference  between  tha  hardnesses  of 
tha  Materials  (Fpl) .  So,  tha  friction  force  F  can  bo  written  : 

F  -  Fed  +  Fpl 

Despite  criticise,  this  conception  of  friction  is  often 
accepted  because  it  permits  the  explanation  of  many  tribological 
situations,  particularly  at  high  temperatures  :  in  most  cases,  it 
seams  possible  to  neglect  ploughing  with  respect  to  adhesion. 

2.2.2  :  Wear  mechanisms  : 

Generally,  four  fundamental  wear  mchanisns  are  considered  : 

-  adhesion  :  the  formation  and  shearing  of  connections  between  the 
asperities  of  the  surfaces,  it  is  enhanced  by  cleanness  of  the  surfaces, 
plastic  deformations ,  chemical  affinity  of  the  materials,  and  elevation 
of  the  temperature.  It  is  often  characterized  by  transfer  phenomena  of 
the  materials  during  friction. 

-  abrasion  and  shearing  :  wear  as  a  consequence  of  the  displacement  of 
matter,  caused  by  hard  particles  or  protuberances. 

-  fatigue  :  a  result  of  cyclic  stresses  affecting  the  superficical  layers 
of  the  contacting  bodies.  It  Induces  and  spreads  cracks  under  the 
surfaces.  These  cyclic  stresses  can  be  either  mechanical  or  thermal. 

-  tribochsmical  reactions  :  the  formation  of  new  products  due  to  chemical 
interactions  between  the  sliding  bodies  or  (and)  between  them  and  the 
environment. 

In  most  cases,  these  mechanisms  are  eenfeined  in  a  sore  or  less 
complex  way  to  gradually  induce  the  failure  of  the  sliding  bodies.  In  order 
to  limit  the  Activity  of  these  mechanisms,  it  is  important  for  the  materials 


co  hava  certain  properties  C2js 


-  con* id  arable  hardness  with  •  fine  grain  and  4  homogeneous 
structure. 

-  sufficient  toughness  with  respect  to  nil  the  constraints  imposed 
on  the  system. 

-  correct  properties  at  elevated  temperatures  (retention  of  hardness 
at  high  temperatures) . 

-  high  thermodynamic  stability. 

-  high  resistance  of  all  grain  boundaries 

-  low  tendency  to  adhere. 

Friction  testa  on  metal  samples  in  oxidising  atmosphere  at  elevated 
tenperaturea  C33  ,  have  shown  a  reduction  of  the  friction  coefficient.  This  is 
related  to  the  formation  of  an  oxide  layer  thick  enough  to  protect  the  metal 
crystals  and  only  permit  adhesion  at  higher  levels  of  deformation,  and  higher 
temperatures. 

2.3  -  Tribological  behaviour  of  ceramic  and  cermet  materials  : 

2.3.1  :  Behaviour  of  monocrystals  : 

The  observations  made  by  many  authors  about  monocrystals  lead, 
generally,  to  the  following  points  : 

2.3.1. 1  1  Anisotropy  : 

The  friction  and  wear  behaviour  of  most  ceramic  monocrystals  is 
anisotropic,  and  varies  with  crlstallographic  plane  and  orientation. 

2. 3. 1.2  :  Adhesion  : 

In  the  contact  area,  very  strong  adhesive  connections  can  appear. 
However,  the  specific  characteristics  of  ionic  or  covalent  bonding  in  ceramics 
suggest  that  smh  connections  are  such  less  likely  than  in  metals.  Adhesive 
forces  between  two  ceramic  bodies,  or  between  a  ceramic  body  and  a  metal,  are 
influenced  by  crystallographic  orientations. 

2. 3. 1.3  1  Plasticity  : 

It  has  often  been  observed  that,  in  spite  of  their  reputation  for 


brittleneaa ,  car sale  materials  behave  plastically  at  tha  contact  scala.  It  has 
baan  notad  that ,  if  thaaa  epidermic  deformations  can  occur  at  room  temperature, 
massive  daformations  require  vary  high  temperatures . 

2.3. 1.4  :  Adsorption  : 

Tha  presence  of  adsorbed  films  influences  tha  mechanical  properties, 
and,  thar afore,  tha  sliding  properties,  of  ceramic  materials.  Same  adsorbed 
products  can  be  tensioactive  and  induce  large  variations  in  the  behaviour  of 
the  materials  during  friction.  Adsorption  of  polar  liquids  can  significantly 
influence  the  mobility  of  dislocations  and  the  hardness  of  the  materials  close 
to  the  surfaces.  They  increase  the  capacity  of  the  surfaces  for  plastic 
deformation,  by  inhibiting  brittle  cracking  during  friction.  The  negative  effect 
of  desorption  is  often  shown  by  testing  in  a  high  vacuum. 

2.3.2  :  Polycrystalline  ceramic  materials  and  cermets  : 

2.3.2. 1  :  Introduction  : 

Most  of  the  observations  made  on  monocrystals  are  valid  for 
polycrystalline  ceramic  applications  as  well.  However,  the  anisotropic  behaviour 
of  monocrystals  is  not  observed  in  materials  whose  surfaces  are  composed  of  a 
mosaic  of  grains  with  no  particular  orientation. 

Ceramic  materials  generally  have  a  low  dilation  coefficient  and  low 
thermal  conductivity,  but  a  high  melting  point  and  a  high  degree  of  hardness 
and  resistance  to  oxidisation.  However,  their  brittleness  at  low  tmaperatures 
is  a  serious  limitation  for  many  applications.  Compared  to  ceramics,  cermets 
have  the  following  advantages  :  higher  tenacity  and  ductility  and  therefore 
better  shock  resistance.  On  the  other  hand,  as  the  metal  percentage  increases, 
hardness  and  refractarity  decrease,  while  the  adhesivity  and  wear  rate  increase. 

Most  of  the  phenomena  that  influence  the  tribological  behaviour  of 
ceramics  and  cermets  depend  to  a  great  extent  on  the  temperature  >  adhesion, 
adsorption,  real  contact  area ,  and  so  on. 

2. 3. 2. 2  :  Adhesion  : 

Adhesion  is  caused  by  molecular  forces  of  attraction  which  arise 


between  two  turfieu,  independent  of  any  lateral  fore*,  and  which  can  rasa  In 
whan  thaaa  forcaa  have  disappeared.  Zt  is  still  not  known  how  adhesion  can  be 
evaluated  precisely,  though  the  theory  of  BONDED  and  TABOB  1  ,  improved  by 
RABXMOWXCZ  C4]  has  clarified  a  great  deal  :  it  takes  into  account  the  adhesion 
work  (defined  by  DOPES  in  1869) ,  which  depends  on  aatarials,  temperature, 
adsorbed  files,  etc. 

The  main  phenomena  influencing  the  adhesion  of  ceramics  and  cermets 
are  the  following  : 

2. 3. 2. 2.1  :  Crystallographic  orientation  : 

The  adhesion  of  ceramics  is  greatly  influenced  by  the  crystallographic 
orientation  of  the  surfaces  >  a  smell  relative  disorientation  of  the  atomic 
lattice  on  both  sides  of  the  interface  considerably  reduces  the  forces  of 
attraction.  Polycrystals  will  therefore  have  a  much  lower  tendency  to  adhere 
than  well-oriented  monocrystals . 

2. 3. 2. 2. 2  :  Mutual  solubility  : 

The  theory  developed  for  metals  and  adhesion  led  to  the  establishment 
of  strong  links  between  the  mutual  solubility  of  pairs  of  materials  and  their 
adhesion.  It  is  thought  that  soluble  pairs  adhere  well  (Fe  -  A1  for  instance)  , 
and  that  non-soluble  pairs  have  weak  adhesive  interactions  (Cr  -  Ag  for  instance) . 
However,  some  exceptions  limit  the  applications  of  this  theory. 

With  ceramics,  studies  concerning  mutual  solid  solubility  [5]  tend  to 
indicate  that  the  correlation  is  quite  low  between  friction  and  wear  on  the  one 
hand,  and  the  concept  of  solubility  on  the  other. 

This  may  be  due  to  the  formation,  observed  by  many  authors,  of 
interfacial  films  which  condition  the  friction  and  wear  behaviour  of  ceramics. 

2. 3. 2. 2. 3  :  Chemical  reactivity  of  the  surfaces  s 

BUCKLEY  CB]  indicates  that  electronic  interactions  between  superficial 
atomic  layers  have  a  greater  influence  on  adhesion  than  does  mutual  solubility  : 
the  greeter  the  chemical  reactivity  between  the  surfaces,  the  higher  the  force 
of  adhesion. 

2. 3. 2. 2. 4  :  Effect  of  temperature  i 

Adhesion  can  become  very  important  if  the  critical  temperature  of 


adhesion  is  reached  Cl.  73  .  This  ftmparatura  can  be  0.3  to  0.65  tines  the 
melting  temperature  Tta,  depending  on  the  materials  (metals,  oxides) .  This 
critical  temperature  decreases  as  the  applied  load  increases. 

This  is  attributed  to  the  combination  of  antagonistic 

effects  s  on  the  one  hand,  increases  in  temperature  and  duration  of  contact 
cause  Increases  in  the  real  area  of  oontact  ;  on  the  other  hand,  variations 
in  the  temperature  and  breaking  speed  cause  variations  in  the  mechanical 
stresses  of  the  bindings. 

Variation  of  the  real  contact  area  occurs  through  several  (taps. 

These  are  mainly  : 

elasto plastic  deformation  during  loading 
-  increase  of  the  real  area  of  contact,  due  to  two  phenomena  : 

.  the  flow  of  the  asperities 

.  the  sintering  of  the  asperities  (even  without  load) 

These  two  phenomena  are  caused  by  the  action  of  physicochemical  phenomena 
that  are  generally  thermoactivated. 

So,  it  was  stated  that  the  real  area  of  contact  varies  like  an 
Arrhenius  law  s 

Ar  -  AO  .  exp  (-  Qa/R.T)  .  tA1/n 
with  s  R  “  perfect  gas  constant 

Q*  «  activation  energy  of  the  preponderant  physical  phenomenon  in  the 
temperature  field  studied 

tA  «  duration  of  contact 

n  m  an  index  between  2  and  8,  depending  on  the  physical  mechanisms 

2. 3. 2. 3  :  Chemical  transformations  > 

During  sliding,  chemical  transformations  can  occur  close  to  the 
interface,  creating  many  compounds.  When  they  are  present,  these  transformations 
determine  friction  and  wear.  If  some  corrosions  are  harmful,  and  even  cetastrophic , 
from  the  friction  and  wear  point  of  view,  other  reactions  can  have  beneficial 
effects,  and  sometimes  be  used  as  lubrication,  we  classified  the  chemical 
transformations  undergone  by  the  materials  during  friction  into  two  groups  * 

-  transformations  caused  by  reactions  with  the  atmosphere 

-  transformations  caused  by  reactions  between  solids 


2. 3. 2. 3.1  :  Reactions  with  tha  atmosphere  t 

Here  we  will  only  consider  oxidation  -  reduction  phenomena. 

Without  friction,  the  parwetara  that  influence  the  growth  of  the 
oxide  layer  are,  aainly,  temperature ,  the  partial  praaaura  of  oxygen,  and  the 
diffusion  speed  of  anions  and  cations.  Generally,  tha  observed  laws  of  oxide 
layer  growth  are  linear  or  parabolic. 

With  friction,  the  growth  of  the  oxide  layer  depends  on  the  rate 
of  growth  by  oxidation  versus  the  rate  of  wear  :  generally,  the  thicker  the 
oxide  layer,  the  slower  its  growth.  Two  types  of  destruction  can  be  predicted 

-  if  tha  superficial  layer  is  brittle,  it  is  removed  in  scales  as  soon  as  its 
thickness  reaches  a  critical  value  t  the  wear  rate  is  high. 

-  if  the  superficial  layer  is  ductile,  the  shearing  will  occur  in  the  film, 
and  the  wear  rata  will  be  low. 

An  elevation  of  the  oxidizing  temperature  during  friction  can  induce 
an  increase  in  the  thickness  of  the  oxide  film  and  therefore  a  decrease  in  the 
oxidizing  rate,  followed  by  a  decrease  in  tha  wear  rate  C83. 

2. 3. 2. 3. 2  :  Reactions  between  solids  : 

The  reactions  that  can  occur  between  solids  are  classified  into 
two  groups  : 

-  additive  reactions  :  A  t  B  AB 

-  exchange  reactions  :  AB  *  CD  ad  +  BC 

Depending  on  the  nature  of  the  primary  oxides,  the  additive  reactions 
will  produce  either  a  solid  solution  or  a  double  oxide  : 

-  solid  solution  AO  ♦  Bo  (AB)  o 

-  double  oxide  >  AO  ♦  Bo  ABO2 

These  behaviours  depend  very  much  on  the  crystalline  structure  of  the  oxides, 
as  well  as  on  the  nature  of  the  primary  metals  and  the  basicity  or  acidity  of 
their  oxides. 

The  exchange  reactions  that  occur  during  oxidation  are  essentially 


of  the  following  typo  : 


A  +  BO  AO  +  B  ,  like,  for  instance, 

FO  +  NiO  FoO  +  Ni 

Thoso  rooctiona  are  characterized  by  tha  appoaranco  of  two  now  compounds. 

2. 3. 2. 4  :  Cracking  t 

In  a  aimplo  traction  test,  two  typo  a  of  rupture  were  identified 
ductile  and  brittle.  The  elementary  diatinction  between  them  ia  related  to 
the  preeence  or  abaence  of  plaatic  defomationa  before  rupture. 

Ductile  rupture  ia  the  result  of  the  formation  and  growth  of  cupulea, 
while  brittle  rupture  may  correspond  to  an  intergranular  decoheaion,  or,  more 
generally,  to  an  intergranular  cleavage. 

The  concept  of  brittleneaa  lmpliea  a  relationship  with  time  aa  well  : 
the  brittle  or  ductile  behaviour  of  a  material  depend*  to  a  great  extent,  on 
the  speed  of  the  increase  in  stress  and  strain.  It  ia  pointless  to  discuss 
whether  a  given  material  ia  "ductile"  or  "  brittle”  t  we  can  only  discuss, 
its  ductile  or  brittle  behaviour  under  given  test  conditions.  A  crack  with 
a  brittle  type  evolution  ia  a  rupture  by  separation.  Division  of  the  material 
due  to  shearing  is  excluded  by  definition.  Consequently,  brittle 
rupture  always  occurs  perpendicularly  to  the  principal  tractive  stress  of  the 
moment. 

The  cracking  of  materials  can  have  many  origins  such  as  mechanic a 1 
overloads  or  variations  in  temperature.  Among  the  mechanical  cracks,  we  can 
observe  several  situations  : 

2.3. 2.4.1  :  Static  case  : 

In  the  static  case.  Hertz  hypotheses  are  used  :  the  radius  V  of  the 
contact  area  between  a  sphere  of  radius  'r',  and  a  plane,  follows  the  law  : 


where  H  is  the  applied  load,  and  K  a  constant  that  depends  on  the  materials 
(if  a  n\*ber  l  is  given  to  the  sphere  and  a  number  2  to  the  plane,  K  is  given  by 


However,  a  linear  relationship  has  sonatinas  been  observed  between  the  critical 
load  inducing  cracks,  and  the  radius  of  the  sphere  :  Merit.  ■  A  .  r,  while 
Hertz  predicts  a  proportionality  between  W  and  r2. 

2. 3. 2. 4. 2  :  Dynastic  case  t 

This  is  the  case  of  shock.  The  hertzian  theory  can  still  be  used  as 
long  as  the  duration  of  contact  is  long  compared  to  the  duration  of  the 
propagation  of  elastic  waves  in  the  highly  stressed  zones  close  to  the  contact 
area. 

2. 3. 2. 4. 3  :  Cracks  due  to  friction  : 

When  there  is  friction  of  a  hemispherical  part  on  a  plane,  the 
friction- induced  tangential  load  modifies  the  stress  near  the  contact  C93-  For 
brittle  materials,  the  appearance  of  tensile  stresses  is  extremely  important. 
Their  intensity  increases  with  the  coefficient  of  friction  fJ  .  The  radial  stress 
CTy  stops  being  tensile  in  the  front  part  of  the  sphere  when  fj  reaches  0.079. 

2. 3. 2. 4. 4  s  Delamination  : 

Delamination  corresponds  to  the  development,  through  fatigue 
mechanisms,  of  cracks  parallel  to  the  sliding  plane.  We  suggest  that  the  steps 
leading  up  to  this  phenomenon  are  CIO,  11]  : 

-  plastic  deformation  of  the  superficial  layers  and  creation  of 
dislocations 

-  interaction  among  the  dislocations,  and  between  the  dislocations 
and  other  obstacles  (inclusions) 

-  coalescence  of  the  dislocations  and  formation  of  empty  spaces 
and  cracks 

-  propagation  of  the  cracks 

2. 3. 2. 4. 5  :  Effects  of  tmsperature  : 

Thermally  induced  fissuration  is  due  to  differential  dilations 
between  some  parts  of  the  bodies.  It  can  develop  at  uniform  temperature 
(anisotropy  of  the  coefficients  of  dilation) •  or  appear  because  of  thermal 
gradients  (thermal  anisotropy) . 

During  cycles  of  heating  and  cooling,  thermal  fatigue  phenomena  can 
be  observed. 
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Friction  is  an  important  causa  of  variations  in  tamparatura.  This 
tamparatura  can  raach  tha  malting  point  of  ona  of  tha  mat aria Is,  aspacially 
at  tha  laval  of  tha  contacting  asparitias.  Thair  low  calorific  capacity  loads 
to  tha  sudd an  appaaranca  of  high  tamparatura  :  this  is  tha  flash  tamparatura. 

From  studias  parformad  by  Jaeger  C123,  it  is  possibla  to  concluda 
that  tomparaturas  ara  inf luancad  mors  by  spaad  Chan  by  load,  and  that  tha 
tamparatura  dacraasas  rapidly  in  tha  intar ior  of  tha  part.  This  laplias  that, 
on  tha  ona  hand,  tha  tharaal  strassas  dua  to  friction  ara  extremely  suparf icial , 
and,  on  tha  other  hand,  that  a  small  change  in  tha  thermal  properties  of  a  thin 
superficial  layer  can  induce  large  variations  in  tha  superficial  tamparatura. 

The  shape  of  tha  thermally  induced  cracks  has  the  general  appaaranca 
shown  in  fig  1  : 


figure  1  :  Thermal  cracking  during  friction  : 

a)  and  b)  :  surface  appaaranca 
•  c)  and  d)  :  cross  -  section 

2. 3. 2. 5  :  Tha  glares  : 

During  friction  of  ceramics  and  cermets,  ona  can  sometimes  observe 
tha  formation  of  an  axtramaly  thin  superficial  layer ,  with  a  polished  and  dense 
appearance.  Many  authors  believe  that  this  layer  is  responsible  for  tha 
improvastant  of  friction  and  wear  in  oxidising  atmosphere.  These  "glares*  ware 
observed  on  many  materials  (steals,  various  compounds,  ceramics,  etc) . 


12 


2. 3. 2. 5.1  :  Nature  of  the  glared  layer  : 

This  glazed  layer,  the  thickness  of  which  is  around  1  micrometer , 
was  frequently  thought  to  be  formed  by  oxides  from  the  elements  of  the 
sliding  pair  (when  the  atmosphere  allows  oxidization) ,  for  metallic  surfaces 
as  well  as  for  carbide  or  nitride  ceramics.  Zt  was  frequently  reported  that 
these  oxides  could  produce  eutectic  compounds  that  "lubricate”  the  surface 
more  efficiently  than  the  "parent"  oxides.  The  presence  of  graphite  was 
sometimes  observed  in  these  oxide  layers. 

Opinions  concerning  the  structure  of  the  glazed  layer  are  divided 
as  to  whether  this  structure  is  amorphous  or  crystalline.  The  formation 

of  a  vitreous  layer  can  be  explained  by  severe  chill  effects  Cl 33 ,  or  by  the 
presence  of  materials  with  pasty  melting  as  for  certain  oxides  such  as  : 

S102>  B2O3,  etc  C14»  15.  163  . 

Crystallinity  and  thickness  can,  generally,  be  related.  When  a 
coating  is  set  in  very  thin  layers,  it  is  possible  far  it  not  to  crystallize 
(thickness  2  m) .  For  instance,  amorphous  layers  can  be  obtained  by 
physical  deposition  in  vapor  phase  with  :  AljO^ ,  Cr^,  •tc-  —  ^17,  18.  193. 

But  it  has  also  been  stated  that  glazes  can  be  crystallized, 
composed  of  sub-microscopic  crystals  (100  to  500  A" in  diameter)  of  compacted 
oxides.  RIGNEY,  GLAESER  and  BIRTH  C20.  213  have  d eve lopped  a  theory  according 
to  which  repeated  plastic  deformations  accumulate  in  a  very  thin  superficial 
layer.  This  highly  deformed  layer  would  have  a  microcrystalline  structure 
with  a  high  degree  of  preferred  orientation.  BOWDEN  and  TABOR  indicate  that 
viscous  sliding  of  the  grain  joints  can  occur  under  shearing  stresses,  with 
a  viscosity  coefficient  that  is  exponentially  related  to  temperature. 

2.3.2.5.2  :  Formation  mechanisms  of  glazed  layers  : 

Four  kinds  of  investigations  were  suggested  concerning  these 
mechanisms  : 

-  mechanical  action:  this  is  action  that  results  in  glazes,  through 
deformation  and  removal  of  matter  (lapping) .  First,  a  truncation  of  the 
highest  asperities  occurs,  followed  by  a  filling  in  of  the  hollows  by  the 
resulting  wear  debris. 
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-  thermal  action  :  thermal  phenomena  resulting  from  friction  contributes  to 
the  formation  of  the  glares  through  welding  and  softening.  Vitreous  layers 
can  thus  be  obtained  through  a  guide  elevation  of  the  temperature  up  to 
the  point  where  welding  of  the  material  occurs,  followed  by  a  cooling  rate 
that  exceeds  a  certain  value  which  depends  on  the  material  :  too  low  a  rate 
would  allow  recrystallization  of  the  superficial  layer. 

Another  consequence  of  thermal  action  is  the  possibility  of  induction  of 
an  adiabatic  p Justification  [22*231  :  during  high  speed  tests,  the  sliding 
would  be  essentially  adiabatic  because  of  the  very  quick  heating  of  a 
superficial  layer  that  allows  shearing  at  the  interface,  and  explains  the 
variations  of  friction  with  speed.  In  addition ,  it  was  observed  that  the 
insulating  power  of  the  ceramics  is  favorable  to  this  action. 

-  compaction  of  the  wear  debris  :  the  debris  can  contribute  to  the  flattening 

of  the  surfaces  by  filling  in  the  surface  hollows.  But  their  real  contribution 
seems  to  be  much  more  important,  resulting  in  the  formation  of  a  crystalline 
film  made  of  tiny  compacted  debris.  Oxidization  seems  to  be  a  contributing 
factor  in  this  process  :  the  glazes  appear  more  quickly  at  high  temperature, 
when  the  surfaces  oxidize  more  easily.  The  wear  rata  is  then  low.  s-cause 
the  wear  debris,  composed  of  tiny  oxide  particles,  can  be  reinserted  in  the 
glaze  during  friction. 

-  plastif ication  by  adsorption  :  adsorption  by  the  surfaces  of  tensioactive 
products  would  also  be  one  of  the  causes  of  the  appearance  of  glazes  C243. 

This  influence  of  the  environment  can,  however,  be  decreased  by  an  increase 
in  temperature,  lowering  the  adsorption  of  the  active  component. 

2.3.3  :  Specific  behaviours  of  the  coatings  : 

The  most  important  parameters  concerning  the  coatings  are  the 
following  : 

2.3.3. 1  :  Thickness  of  the  coatings  : 

The  thinness  of  the  coating  allows  the  substrate  to  bear  the  applied 
load.  But  the  coating  is  more  heat  resistant  and  harder  than  the  substrate. 
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Tharafora,  tha  flow  of  the  substrata,  because  of  ths  load  or  ths  temperature, 
can  indues  splits  in  ths  coating, or  ths  shaaring  of  ths  substrate/coating 
intsrfacs.  Accslsration  of  ths  destructive  proesssss  of  ths  fils  rasults. 

Ths  thickness  influsness  ths  capacity  of  ths  film  to  follow  ths  deformations 
of  ths  substrata,  or  to  withstand  thermal  shocks.  Mhsa  ths  coating  is  thick 
enough,  it  bears  ths  whole  applied  load  and,  froa  a  tribological  point  of 
view,  it  behaves  like  a  massive  material . 

2. 3. 3. 2  :  Adhesion  on  ths  substrate,  compatibility  : 

Ths  choice  of  ths  substrata  is  closely  related  to  ths  nature  of  ths 
coating  :  it  is  necessary  for  ths  substrata  and  ths  coating  to  have  reasonable 
chemical  compatibility,  to  avoid  excessive  chemical  interaction  during 
deposition  or  functioning.  Excessive  interdiffusion  can  change  the  nature  of 
the  coating  itself,  or  permit  the  constituents  of  the  substrate  one  wanted  to 
mask,  appear  on  the  surface.  On  the  other  hand,  too  weak  an  interaction  may 
have  harmful  consequences,  for  it  limits  the  creation  of  metallurgical 
connections  between  coating  and  substrata. 

But  the  adhesion  of  the  coating  on  the  substrate  may  be  due  to 
more  than  chemical  phenomena.  Indeed,  purely  mechanical  considerations  may 
be  of  some  importance,  like  the  simple  hooking  of  the  coating  to  the 
asperities  of  the  'substrate  :  here  the  notion  of  roughness  of  the  substrate 
appears,  which  can  be  of  great  importance. 

There  can  be  still  other  influences  of  the  substrate  >  chemical 
instability  can  induce  distensions,  distorsions  or  cracks. 

The  coefficients  of  dilation  of  the  substrate  and  the  coating  are 
obviously  of  great  importance  >  they  have  to  be  as  close  as  possible,  in  order 
to  minimize  the  shearing  stresses  at  the  interfaces  during  variations  in 
temperature.  Intermediate  layers  are  sometimes  introduced  between  the  substrate 
and  the  coating,  in  order  to  permit  better  adhesion  of  the  coating,  or  in  order 
to  decrease  the  stresses  due  to  variations  in  temperature  (with  layers  having 
an  intermediate  coefficient  of  dilation  between  that  of  the  substrate  and  that 
of  the  coating) . 

During  possible  splitting  of  the  coating,  due  to  thermal  stresses, 
it  is  the  adhesion  between  the  substrate  and  the  coating  that  will  determine 
the  mode  of  splitting,  because  of  their  different  coefficients  of  dilation. 


Good  adhesion  will  indues  splits  in  the  coating,  while  weaker  adhesion  will 
induce  splits  in  the  interface,  as  shown  in  fig.  2 


IZZ  -  experimental  study 


Jl  •  Test  conditions 
311 :  Materials  : 

The  study  deals  with  the  behaviour  of  ceramic  and  cermet  materials 
under  conditions  of  dry  sliding  friction.  The  tests  were  conducted  in  air, 
and  in  a  vacuum  when  it  was  necessary  to  check  the  influence  of  the  atmosphere. 
We  analysed  friction  between  20  and  1000 °C. 

Two  types  of  materials  were  used  : 

-  Metallic  carbide  based  cermets 

-  oxide  based  ceramics 

These  materials  were  used  as  coatings. 

3-111-  Metallic  carbide  baaed  cermets 

We  began  our  study  with  the  metallic  carbide  based  cermets  indicated 
in  table  1  : 


> 


Coating 

Substrate 

Thickness 

(  m) 

Roughness 
Ra  m 

Process  of 
Manufacture 

Hardness 

Ov  0,01  Pa 

TiC-NI 

(69)  (31) 

XC  35 

300 

grinding 

0.55 

P 

850 

high 

Cr7C,-NiCr 
(00)  (20) 

Inconel 

50 

lapping 

0.1 

9.D. 

1020 

► 

dispersion 

wc-Ni-  w/cr 

Inconel 

lanping 

q  n 

1560 

(25)  (5)  (70) 

600 

0.14 

Table  1 

P  -  Plasma  deposition 
q  0  -  Gun  deposition 


The  tabla  2  givas  tha  con  position  of  tha  substrates  t 


Composition  of  tha  materials  used  as  substrata* 


0,32-0,38  C,  0,50-0,80  Hn,  0,10-0,40  Si,  <  0,035  P 
<  0,035  s.  Fa  conplaswnt 


inconal  s  16  Cr,  7  Fa,  <.  1  Mn,  <0,5  Cu,<  0,5  Si,  <  0,15  C 

600  :  <  0,015  S,  Ni  Com pi so ant 


Tabla  2 

3-112-  Ox Ida  basad  ceramics 

Tha  various  oatarials  usad  and  thair  charactaristics  ara  givan 

in  tabla  3  : 

„  „ .  :  .  .  _  !  Thickness  :  Roughness 

Costing  :  Substrata  :  (  Bj  ’  Ra  ■ 

:Procass  of  :  Bardnass 
:Manufactura:  Ov  0,01  Pa 

Inconal 


grinding 

*  0,21 


lapping 


x\  CTjOj 
> (100-X4 ) AIjOj  s 


Inconal 


Inconal 

600 


grinding 

*  0,20 


lapping 


150  : lapping 


?.  » 
: 
s 


Tabla  3 


3.1.2.-  Tast  parts 

3. 1.2.1-  Shapa  of  tha  parts 

Tha  shapa  of  tha  parts  is  givan  in  fig.  3. 

Thay  ara  flat  rings  with  parallal  faeas  on  which  tha  sliding  occurs 
giving  a  plana/plana  contact. 


-  a  - 

fiqrura  3  :  Shapa  of  tha  aamplaa 
a  -  Croaa  taction 

k  ”  Poaition  of  tha  aaaplaa  during  taatlng  > 

-  moving  part  :  coun tar part 

-  stationary  part  :  a Ildar 


Rings  mad*  of  tht  two  materials  composing  tha  substrates  wara 
machinad  by  turning ,  after  which  tha  baaaa  wara  ground.  This  grinding 
was  foilowad  by  sanding.  Than  tha  coating  was  applied  by  piasaa  daposition 
or  gun  daposition. 

Tha  surfaces  ware  finished  by  grind inq  or  lapping. 

In  tha  case  of  nickel  aside,  the  coating  was  obtained  by  thermal 
oxidation  of  pure  nickel. 

Randan  samples  of  each  type  of  aatarial  wara  taken  far  reference 
and  analyzed  by  scanning  electron  microscope,  X  Raya  and  nicrohardness 


eatskSK.  ”• 


3.1.3  :  Apparatus  : 


Two  test  machines  war*  used  for  tha  study,  ona  funct loaning  In 
oxidizing  atmosphere ,  tha  other  in  a  vacuum.  Both  usad  tha  same  samples. 

3. 1.3.1  s  High  temperature  friction  apparatus  in  air 

This  friction  apparatus,  called  FHTO,  was  designed  to  carry  out 
high  temperature  friction  tests  in  air.  Its  main  characteristics  are  tha 
following  : 

•  load  Range  : 

-  Spaed  Range  : 

-  Temperature  Range  : 

The  friction  coefficient  can  be  continuously  recorded.  The 
temperature  is  measured  at  three  points  :  one  in  the  furnace,  two  in  tha 

samples. 

The  load  is  applied  by  means  of  dead  weights  for  loads  under 
1000  N  and  by  means  of  pneumatic  jack  for  heavier  loads.  In  the  latter 
case  it  can  be  continuously  recorded. 

The  rotating  speed  of  the  driving  shaft  can  continuously  vary 
in  the  whole  field  of  speed  of  the  apparatus. 

3. 1.3. 2  :  High  temperature  friction  apparatus  in  a  vacuum 

The  apparatus  was  designed  to  carry  out  tests  in  a  vacuum.  Its 
main  characteristics  are  the  following  : 

-  Load  Range  0  to  500  N 

-  Speed  Range  :  0  to  1.75  m/s  .  (0  to  950  rpm) 

~  Temperature  Range  :  20  to  1500*C 


-  Vacuum  Rang*  s  1.3  X  10  Pa 

Th*  load  it  applied  by  means  of  dead  weights. 

3. 1.3. 3  s  Maasursaant  of  friction  coefficient 

Both  high  temperature  friction  apparatus  used  th*  same  principle  : 
one  of  the  samples  rotates  (the  sowing  piece)  j  th*  other  test  piece  (the 
slider)  is  submitted  to  frictional  torque  and  bonded  to  the  measurement 
system.  The  frictional  torque,  C^,  at  th*  level  of  the  surfaces  is  expressed 
by  : 


JJ.  pA.  r*  dr  d 


o  /a, 


2/3.T.  fJ ■  fV  •  <«^  -  > 


with  ^  *  friction  coefficient 

Pa  *  nominal  contact  pressure 

If  W  is  the  applied  loed,  we  can  write  : 

_  2  hi  +  Rite.  »  r! 

r  T  r  w  ri  ♦ 


we  measure  this  torque  by  aeans  of  a  strength  transducer  situated  at  a 
distance  "a"  from  the  rotating  axle  (a  •  200  am  for  the  air  apparatus, 
a  •  160  am  for  the  apparatus  la  a  vacuum) . 

The  value  of  the  friction  force  is  : 


and  tharafora 


Ra.  +  Rg, 

(si  +  RIB*.  +  si) 


3.1.4  :  Experimental  method 

3. 1.4.1  t  Sample  preparation  : 

Before  each  test,  the  sample*  were  cleaned  in  two  steps  by 
Immersion  in  an  ultra-sonic  bath.  The  first  soaking  in  a  grease  removing 
bath  of  trichlor ethylene  was  followed  by  a  second  bath  in  sulfuric  ether. 

The  samples  were  completely  dried  by  a  hot  air  stream. 

3. 1.4. 2  :  Conducting  tests  : 

Before  and  after  each  test,  the  measuring  system  was  balanced  to 
eliminate  errors  resulting  from  a  possible  drift  of  their  components. 

He  performed  two  types  of  tests  called  : 

-  continuous  tests  (or  normal) 

-  sequential  tests 

3. 1.4. 2.1  :  Continuous  tests 

In  this  type  of  test,  load,  speed  and  temperature  are  fixed  and 
we  record  the  evolution  of  the  friction  coefficient  over  time. 

3. 1.4. 2. 2  :  Sequential  tests 

In  this  type  of  test,  only  two  of  the  three  variables  are  fixed  » 
load,  speed  \nd  temperature  :  the  third  varies  in  steps  (generally  3 
minutes  each). 

Most  of  the  sequential  tests  ware  performed  varying  the  temperature 
for  it  was  the  main  parameter.  So  we  performed  testa  at  various  temperatures 
20  -  200,  400,  550,  700  -  800,  900  and  1000*C.  Between  each  test  the  samples 


.n*Si*a 


were  separated  until  tha  dasirad  temperature  was  reachad  in  ordar  to  avoid 
sticking. 

Tha  main  reason  for  such  saquantial  tests  is  to  save  material  and 
time.  Ha  will  demonstrate  later  on  that  such  a  method  is  quite  acceptable. 

3. 1.4. 2. 3  :  Experimental  conditions  : 

Most  of  the  tests  were  done  under  the  following  conditions  of  speed 

and  load  : 

2 

-  contact  pressure  :  1  N/mm 

-  speed  :  5  m/mn  (45.5  tr/mn) 

Under  these  conditions,  and  with  a  maximum  coefficient  of  friction 
|J  »  1 ,  the  power  per  surface  unit  chat  has  to  be  turned  into  heat  is  0.083  W/tmn 
This  low  value  permits  us  to  disregard  variations  in  temperature  induced  by 
friction. 

Reductions  in  mass  were  only  considered  after  the  low  temperature 
tests  (under  250°C) .  After  higher  temperature  tests,  no  significant  measure 
was  obtainable  because  of  the  development  of  thermal  splits  and  subsequent 
destruction  of  the  coatings,  due  to  different  coefficients  of  dilatation  for 
the  coating  and  substrate. 

The  majority  of  tha  tests  were  done  in  an  oxidizing  atmosphere.  Seme 
tests  were  done  in  a  vacuum,  simply  to  camplmaent  our  investigations  into  the 
nature  of  the  friction  of  our  materials  (no  adsorbed  films,  no  oxygen) . 

3.2  :  Tests  results  : 

3.2.1  :  Friction  of  the  carbide  based  cermet  coatings  : 

The  cermets  tested  in  this  study  are  the  following  : 

* 

-  Titanium  carbide  with  Nickel  die 

-  Chromium  carbide  with  Nickel-chromium  die 

-  Tungsten  carbide  with  Nickel  and  H-Cr  carbides 


3.2. 1.1  :  Friction  tast*  ; 


Th«  rasults  of  tha  friction  UsU  of  ida'.tical  matariala  sliding 
against  sach  othar  in  air  ara  shown  in  figuras  4,  5,  6  and  7. 


figura  4  :  Variation  of  tha  coafficiant  of  friction  of  TiC-Ni  sliding  against 
itsalf  in  air,  varsua  tima  (1  N/ssa2,  5  n/an,  20  -  250  -  500  -  700  - 
820  -  950*0 


(  )  in  paranthaaas  :  tast  nuabar 


0  30  60  90  120  Time(mn) 

figure  S  :  Variation  of  tha  coefficient  of  friction  of  C^C^-HiCr  sliding  against 
itself  in  air,  versus  time  (1  N/n*»2,  5n/mn,  400  -  700  -  900*0 
(  )  in  parentheses  :  test  «»*«■■ 


Tlc-Ni 


Cr7C3-NiCr  (id 


200  400  600  800  1000  C 

figure  6  t  Evolution  of  the  coefficient  of  friction  of  carbide  based  coatings 

sliding  against  themselves  in  air,  versus  temperature  (1  H/aa2,  S  a/an; 
(  )  in  parentheses  •  test  number 


Cr7C3.NiCr  (is) 


Cigar*  7  s  Evolution  of  the  coefficient  of  friction  of  carbide  based  coating* 
sliding  against  themselves  in  a  vacuum  of  10  on  Hg,  versus 
tamper atur a.  (1  N/sm2,  S  rn/mn) 

(  )  la  parentheses  test  number 


In  the  can*  of  titanium  carbide  with  nickel  die,  continuous  tests  have 
been  carried  out  at  the  following  temperatures  s 

20,  2S0,  500,  700,  820,  950*C. 

These  tests  were  used  to  draw  tbs  A  curve  of  figure  6  (coefficient  of  friction 
versus  temperature) . 

For  Chromium  Carbide  -  Nickel  Chromium,  the  process  was  different  : 
the  ehape  of  the  curve  wes  determined  rapidly  by  a  sequential  test.  Some  normal 
tests  permitted  us  to  check  this  shape  and  therefore  confirm  the  vslue  of  our 
tests  (fig.  6) 

The  results  of  the  friction  tests  of  identical  materials  sliding 
against  themsslves  in  a  vacuum  are  shows  in  figurs  7.  They  were  determined  thanks 
to  ssquential  tssts.  At  high  temperatures,  the  test  wss  interrupted  after  10  to 
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30s  of  friction  (instead  of  3  an) ,  because  of  ths  high  lsvsl  of  chattering 
reached  and  the  resulting  danger  for  the  vacuum  apparatus.  At  temperatures 
between  about  100  and  300 °C,  an  increase  in  the  pressure  was  observed  (up  to 
1.  3X10  '  pa) ,  because  of  desorption  phenomena  as  well  as  the  release  of 
oxygen  occluded  in  the  coatings  during  manufacture. 

3.2. 1.2  :  Analyses  of  the  samples  : 

The  couples  of  samples  were  systematically  analysed  after  testing 
by  different  means,  such  as  electronic  microscope,  microscan,  X  Ray  diffraction, 
microhardness  measurements. 

3. 2. 1.2.1  :  Electronic  microscopy  and  microanalyses  : 

An  extremely  detailed  analysis  of  the  surfaces  and  of  the  wear 
fragments  was  done  by  electronic  microscopy,  and  thus  typical  characteristics 
of  seme  physicochemical  transformations  were  obtained. 

It  was  possible  to  detect  the  nature  of  the  constituent  elements  of 
the  surface  and  to  determine  their  proportions  by  means  of  microanalyses  on 
the  surfaces  and  in  depth,  and  to  relate  them  to  the  temperature  of  the  tests. 

In  the  case  of  titanium  carbide  -  nickel,  the  ratio  Ni/Tl  was  observed. 

In  the  case  of  chromium  carbide  -  nickel  we  were  interested  in  the 
Ni/Cr  ratio.  In  both  cases,  we  noticed  a  decrease  of  these  ratios  with  the 
increase  of  the  temperature .  it  reaches  a  minimum  around  700*C,  corresponding 
to  the  appearance  of  glazes. 

3.2. t. 2. 2  :  X-ray  diffraction  : 

X-ray  analysis  of  the  surfaces  permitted  identification  of  the 
superficial  layers  of  the  samples  as  well  as  determination  of  the  proportions 
of  these  compounds. 

So,  in  the  case  of  TiC-Ni,  we  observed  the  appearance  of  3  compounds 
above  500*C  >  Nio,  Mi  TiO^ ,  and  TiOj .  As  the  temperature  increases,  the 
proportion  of  Tio^  increases  as  well,  and  becomes  largest  on  the  surface 
above  9S0*C.  This  phenomenon  was  not  observed  in  a  vacuum.  We  also  observed 
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that  NiTlOj  is  essentially  found  in  ths  wear  debris,  for  ultrasonic  cleaning 
of  ths  surfaces  divides  the  proportion  of  this  compound  by  four. 

In  the  case  of  Chromium  Carbide  -  Michel  Chromium,  we  could  observe 
above  400*C,  the  appearance  of  oxides  on  the  surfaces  (in  lower  quantities 
than  with  TiC-Ni) ,  In  addition,  we  never  detected  Nickel  oxide  : 
various  authors  write  that  the  oxidation  of  NiCr  should  produce  nickel 
oxide  and  chromium  oxide.  Only  the  latter  was  found,  which  suggests  that  it 
was  the  result  of  the  oxidation  of  chroniixn  carbide.  This  is  an  extremely 
interesting  observation,  because  of  the  freeing  of  carbon  Induced  by  this 
reaction,  as  we  will  see  in  the  following  pages. 

3.2. 1.2.3  :  Microgeometry  : 


Tables  4  and  5  show  roughness  parameters  8a  and  Rt  of  the  TiC-Ni 
and  Cr^C^  -  NiCr  coatings.  At  low  temperatures,  the  surfaces  are  damaged. 

When  the  temperature  Increases,  ths  surfacs  roughness  decreases  as  a 
consequence  of  the  appearance  of  glazes.  The  roughness  parameters  of  these 
glazes  ere  in  the  same  range  as  those  of  the  best  polishings.  In  the  case 
of  TiC-Ni,  elevating  the  temperature  too  ouch  increases  oxidation  and 
produces  splits  and  cracks  that  lead  to  the  destruction  of  the  surfaces. 

3. 2. 1.2. 4  :  Microhardness  : 

MEYER  introduced  the  following  empirical  law  : 

W  ■  a  dn 

in  which  W  is  the  load,  d  the  diagonal  of  the  Vickers  imprint,  "a”  a  constant 
and  "n"  another  constant  called  Meyer's  index.  The  drawing  of  our  results  in 
logarithmic  coordinates  has  given  figures  3  and  9,  each  point  being  the  mean 
of  at  least  six  measures. 
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Testing 

Temperature 

CC) 

Before 

test 

20 

250 

700 

820 

Ra  (  m) 

0.575 

0.717 

0.320 

0.010 

0.504 

Rt  (  a) 

7.190 

6.744 

2.827 

0.079 

5.963 

Table  4  :  Roughness  parameters  Ra  and  St  of  the  surfaces  of  T1C-N1  after 
continuous  type  tests  at  20,  250,  700  and  820*C. 


Testing 

Temperature 

CC) 

Before 

test 

400 

700 

900 

Ra  (  a) 

0.096 

0.262 

0-101 

0.034 

Rt  (  m) 

2.194 

3.178 

2.392 

0.576 

Table  5  :  Roughness  parameters  Ra  and  Rt  of  the  surfaces  of  Cr^C^-NiCr 
after  continuous  type  tests  at  400,  700  and  900°C. 


Figure  8  shows  ths  results  concerning  Tic-Ni.  Before  testing 
end  with  snail  loads  (4  50g) ,  we  observed  that  the  index  (n  «  1.82) 
was  similar  to  the  one  of  nickel  (n  -  1.85) .  This  indicates  that  a 
thin  layer  of  Ni  was  spread  on  the  surface  during  machining.  At  higher 
loads  {,?  50g) ,  we  again  find  the  hard  and  brittle  characteristics  of 
the  coating,  because  the  carbide  supports  the  load  $  a  low  n  (around 

1.3  to  1.7)  corresponds  to  a  bard  and  brittle  material  »  a  high  n 
(around  1.8  to  2.1)  corresponds  to  a  soft  and  ductile  material.  After 
the  250*C  test,  a  translation  of  the  curve  is  observed,  the  slope  of 
which  remains  the  same  at  elevated  loads.  At  low  loads,  a  decrease  of 
the  slope  is  observed  because  of  the  elimination  of  the  surface  layer 
as  well  as  the  work-hardening  of  the  material.  After  the  700*C  teat, 
the  appearance  of  an  aside-based  glazed  layer  is  observed.  Its  hardness 
is  lower  than  that  of  TiC,  but  higher  than  that  of  nickel.  The  Meyer 
index  therefore  has  its  value  between  those  of  these  two  materiale  : 

n  -  1.73. 

in  the  case  of  Cr^C^-HiCr  (fig.  9),  the  same  principles  were 
applied.  Before  testing,  the  material  is  brittle.  After  a  900*c  test, 
a  oxyde  based  glazed  layer  appears,  mainly  composed  of  Cr^O^,  which 
is  much  harder  than  the  carbide  phase. 

3. 2. 1.3  :  Discussion  : 

The  results  of  our  friction  tests  in  air  stew  that  : 

-  the  coefficient  of  friction  passes  through  a  transition  period 
before  becoming  constant.  The  higher  the  anbiant  temperature 
(in  given  limits)  the  shorter  and  the  lower  the  transition 
period. 

-  the  behaviour  of  the  material  is  influenced  by  temperature, 
even  after  stabilisation.  As  the  temperature  increases,  the 
curves  describing  the  evolution  of  the  coefficient  of  friction 
of  the  three  materials  tested  keep  the  sane  shape.  Our  analyses 
clearly  show  two  friction  behaviours  i  the  first  appears  below 
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400 *C  and  its  sain  characteristics  are  the  presence  of  the 
binder  end  the  absence  of  oxides  on  the  surface.  The  second 
appears  above  400 *C  and  is  characterized  by  a  decrease  in 
the  anont  of  binder  on  the  surface  and  the  fomation  of 
significant  quantities  of  oxides. 

However,  a  more  precise  analysis,  based  on  the  evolution  of  the  coefficient 
of  friction,  permits  a  division  in  two  of  each  of  these  phases. 

3.2. 1.3.1  :  First  phase  of  the  friction  :  T  4  100*C 

For  the  study  of  this  phase,  we  only  used  TiC-Mi.  The  coefficient 
of  friction  is  quite  low,  but  the  friction  is  very  unstable.  This  low 
coefficient  of  friction  My  be  due  to  the  presence  of  adsorbed  files,  among 
which  we  can  cite  water  vapour,  which  could  induce  the  following  phenomena  : 

-  reduction  of  the  chemical  interaction  between  the  contacting 
surfaces. 

-  evacuation  of  the  thermal  energy  produced  by  the  friction. 

Electronic  microscopy  of  the  surfaces  after  testing  shows  typical 
characteristics  of  adhesion  and  abrasion  :  this  is  due  to  the  metallic-ceramic 
structure  of  the  coating.  Abrasive  wear  is  produced  by  the  presence  of  hard 
debris  caused  by  the  progressive  intergranular  fracture  of  the  carbide  grains. 
Adhesion  is  produced  by  the  presence  of  nickel,  which  increases  the  wear 
resistance  of  the  cermet.  Indeed,  the  rate  of  wear  produced  by  plastic 
defamation  is  mailer  than  the  rate  of  wear  produced  by  fracture.  In  addition, 
the  nickel  fills  the  pores  of  the  surfaces,  improves  the  bonding  of  the 
carbide  grains  and  stops,  by  plastic  deformation ,  the  intergranular  progression 
of  fractures  which  would  lead  to  a  high  rate  of  wear.  This  is  confirmed  by 
observation  of  the  Ni/Ti  ratio,  which  is  about  0.61  after  testing  when  it 
was  0.52  before  <  we  thus  observe  a  spread  of  the  nickel  on  the  surface. 


3.2. 1.3.2  :  Second  phase  of  friction  s  100*C  4,  T  4  400 *C 

BitMtn  100*C  and  400 *C,  we  have  performed  normal  type  teats  on  samples 
coated  with  TIC-Ni  (250*)  and  Cr^-NiCr  (400 *C)  . 

In  this  field  of  temperature ,  a  quick  deterioration  of  the  coefficient 
of  friction  is  observed  as  a  consequence  of  the  disappearance  of  adsorbed  films. 

At  the  same  time,  a  significant  increase  in  wear  is  observed  :  we  have  calculated 
that  the  normal  load  capable  of  inducing  fractures  in  Ti C  at  250*C  is  tan  times 
lower  than  at  20*c.  The  carbide  grains  are  therefore  more  easily  worn  by  fracture 
than  during  the  first  phase. 

In  the  case  of  TiC-Ni,  the  Ni/Ti  ratio  increases  very  little  :  it  is 
equal  to  0.S4  after  testing  while  it  was  equal  to  0.S2  before.  The  nickel  sprayed 
on  the  surfaces  is  imed lately  abraded. 

In  the  case  of  Cr^C^-NiCr ,  we  proceeded  to  testing  at  the  limit  of  the 
phase  (400*0 .  The  worn  surfaces  showed  many  abrasive  scratches,  as  well  as 
adhesive  damage.  There  too,  we  observed  an  increase  in  the  ratio  Ni/Cr  from  0.10 
to  0.13. 

3.2. 1.3.3  :  Third  phase  of  friction  t  400*C  <  T 

The  To*  temperature  depends  on  the  material  used  :  it  is  the  temperature 
above  which  we  observed  catastrophic  oxidisation.  It  is  about  800 *C  for  TiC-Ni  and 
1000*C  for  Cr^C^-MiCr.  During  this  third  phase,  we  observed  the  formation  of  large 
amounts  of  oxides  which  induce  improvement  of  friction  and  decrease  in  wear. 

Op  to  about  100’C  below  Tox,  we  observed  very  low  wear  with  production 
of  a  fine  powder  composed  of  particles  of  oxides  from  the  coatings.  Than,  when  the 
temperature  approaches  T0* ,  we  obtain  a  regular  and  soft  friction  at  the  beginning 
of  the  test  as  well  as  the  formation  of  a  glazed  surface,  the  wear  of  which  is 
negligible.  The  thickness  of  this  glaze  is  about  10"6®  (1  pm)  . 

Microhardness  measurements  show  differences  in  the  nature  of  the  glazed 
layers  of  TiC-Ni  and  Cr^C^-NiCr.  With  the  first  material,  we  observed  that  the 
hardness  and  the  Meyers  index  are  located  between  those  of  the  material  before 
testing  and  those  of  the  work-hardened  material.  With  the  second,  the  glazes 
are  much  harder  than  the  substrate,  but  the  Meyers  indexes  are  similar. 

The  extremely  low  roughness  of  the  glazes  is  shown  in  tables  4  and  5. 
These  layers  are  compounds  of  oxides  and  carbon,  which  gradually  comes  from  the 
oxidization  of  the  carbide.  It  then  diffuses  across  the  oxide  layer  and  reaches 
the  sliding  interface  where  it  contributes  to  the  development  of  the  glazes.  The 
composition  of  the  glazes  was  determined  by  Auger  electron  microscopy  (figures  10 
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figure  10  t  curve  of  Cit«  Atomic  concentration  of  the  elements  At  «m  point  of 
the  surface,  versus  ionic  orosion  time,  for  TiC-Ml  After  tooting 
in  Air  At  700 *C  (glAnod  atoa) 


figure  tl  i  As  Above.  Non -glased  ores 
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14  s  Curve  of  eh*  atonic  concentration  of  the  tlnnu  of  one  point  of 
th«  surf act,  versus  tonic  srosion  tins  j  Cr,c,-HiCr  after  essttno 
in  sir  st  900 *C  -  glass*  area  7  3  ^ 


figure  IS  < 


as  ahovs.  Son- glass*  srs* 


3. 2. 1.3. 4  :  Fourth  phase  of  friction  :  T  ?  Tej, 

Above  Tox,  we  observe  the  beginning  of  catastrophic  oxidization 
of  the  coating.  Even  if  the  friction  remains  within  acceptable  limits, 
there  is  such  an  increase  in  wear  that  the  coating  is  rapidly  distroyed. 

3. 2. 1.4  s  The  special  case  of  friction  in  a  vacuum  : 

The  sliding  friction  behaviour  of  carbon  based  cermet  coatings 

—4  —A 

in  a  vacuum  was  briefly  analysed  at  1.3.10  Pa  (10  Torr)  with  sequential 
tests. 

In  the  case  of  TiC-Ni,  the  coefficient  of  friction  is  abnormally 
low  under  200aC,  since  it  is  3  to  5  times  lower  than  the  coefficients  of 
tii  on  Ni  and  TIC  on  TiC  friction,  that  can  be  found  in  publications  C25,  26. 
27,28.29]  .  This  is  probably  due  to  the  adsorbed  films  which  are  not  damaged 
during  short  tests  (3  mn)  j  an  increase  in  pressure  was  observed,  which  was 
due  to  the  desorption  of  adsorbed  films. 

Then,  with  the  increase  in  temperature ,  the  friction  becomes  bad. 

This  is  reminiscent  of  the  friction  behaviour  of  metals,  and  could  show  the 
influence  of  the  binder.  The  following  procedure  pointed  up  this  influence  : 
we  performed  two  tests,  at  550 *C  and  700 °C.  In  both  cases,  seizure  appeared 
immediately.  To  make  sure  that  Ni  was  responsible  for  such  behaviour,  we 
performed  another  test  at  700*C.  The  Ni  had  been  removed  before  tasting  from 
the  surfaces  of  the  samples,  by  dissolution  in  weakly  diluted  (10%)  sulfuric 
acid  doped  with  potassic  chlorate  (we  obtained  Ni/Ti  ■  0,11) .  In  this  way, 
we  obtained  a  relatively  low  and  regular  coefficient  of  friction  (fig.  16) 
during  the  whole  test  (90  mn) .  The  wear  rate  was  3.1.10-5  mm3/Hm,  which  is 
high  compared  to  tests  in  air.  This  rate  may  be  due  to  the  separation  of 
carbide  grains  as  a  consequence  of  the  removal  of  the  binder.  The  most  curious 
observation  is  related  to  the  formation  of  glazed  layers  in  a  vacuum.  As  stated 
above,  the  formation  of  glased  layers  on  carbide  coatings  in  air  seams  to  be 
connected  to  the  appearance  of  amorphous  carbon  in  the  friction  interface. 

The  analysis  of  the  glazed  layers  in  a  vacuum  did  not  point  up  any  Important 
differences  from  those  obtained  in  air,  except  for  the  amounts  of  Nickel. 

Mora  particularly,  large  quantities  of  amorphous  carbon  were  detected  on  the 


surfaces.  This  carbon  could  only  cons  from  oxidized  carbides  :  we  thus 
cried  to  find  the  source  of  the  oxygen.  Careful  analysis  of  the  records 
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of  our  tests  showed  an  increase  in  ambient  pressure  to  1.3  10  ?a 
(10  5ns  Hg) .  He  can  suppose  that  the  oxygen  incorporated  into  the  material 
during  manufacturing,  was  freed  thanks  to  the  friction  and  vacuum. 

This  study  clarifies  <i)  the  influence  of  the  binder  during 
friction  and  <ii)  the  influence  of  oxidization,  which  induces  the 
disappearance  of  metallic  type  friction  as  well  as  the  appearance  of 
amorphous  carbon  in  the  interface,  and  thus  favours  the  formation  of 
glazed  layers. 


figure  16  :  Effect  of  the  Ni  binder  on  the  sliding  friction  of  TiC-Ni, 
sliding  against  itself  in  a  vacuum  : 

a)  -  ground  surfaces 

b)  -  surfaces  with  reduced  Ml  due  to  etching  with  SO.H. 


3.2.2  :  Friction  of  oxide-based  ceramic  coatings  : 

Ox id as  ara  a  group  of  matarials  who sa  importance  is  increasing 
constantly.  In  the  field  of  tribology,  their  importance  is  increased  by 
the  fact  that  the  friction  and  wear  of  most  industrial  materials  working 
at  elevated  temperatures  in  air  ara  determined  by  the  nature  of  the 
oxides  that  appear  on  their  surfaces. 

It  is  difficult  to  propose  a  single  model  for  the  friction 

behaviour  of  oxides  like  that  of  carbide  based  coatings.  We  will  therefore 

discuss  our  results  separately.  They  were  obtained  mainly  through  study  of 

two  simple  oxides,  easy  to  manufacture  and  of  great  industrial  interest  : 

chromium  oxide  (Cr.O,)  and  aluminium  oxide  (alumina  :  A1„Q, )  . 
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3. 2. 2.1  :  Friction  tests  : 

3. 2. 2. 1.1  :  Cr203/Cr203 

We  carried  out  normal  and  sequential  tests  between  20  and  1000°C. 
Our  results  are  shown  in  figures  1?  to  20.  In  the  first  two  figures,  the 
temperature  is  the  variable  ;  while  in  the  two  others,  it  is  the  load. 


figure  17  :  Variation  of  tha  coefficient  of  friction  of  Cr.O,  eliding  against 
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itself  in  air,  versus  else  (1  N/ns  ,  5  a/mn) 
figure  48  :  Evolution  of  the  coefficient  of  friction  of  Cr.O,  sliding  against 
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itself  in  air,  versus  tssnerature  (1  K/an  ,  S  m/an) 


In  thia  caaa,  aaquantial  ta*t*  warn  caxriad  out  and  confirm  ad  by 
normal  taata.  Tha  raault*  ara  9 Ivan  la  flguraa  23,  24.  (  va  taaparatura  at  load) 


3. 2. 2. 1.4  >  Special  compounds  i 

Coatings  of  the  following  type  s 

x.cr2o3  ♦  a  -  x)  ju.2o3  (04  x  4  i) 

wars  tasted  against  thansalves,  AljO,  or  Cr^^.  Tha  results  are  given  in 
figures  25  to  27. 


•  5  */•  CijOj 


figure  25  :  Evolution  of  the  coefficient  of  friction  of  chraaiua 

oxide-alunina  conpounds  sliding  against  each  other  in 

2 

air,  versus  tsaperature  (1  M/an  ,  5  a/an) 


3.2.2. 1.5  t  Tacts  in  a  vacuus  t 


3. 2. 2. 2  :  Analyses  : 


As  shown  before,  and  contrary  to  what  was  observed  with  carbide 
basad  coatings,  it  was  not  poasibla  to  discover  a  general  behaviour  tor 
tha  oxlda  basad  coatings.  Wa  will  thus  discuss  tha  results  of  our  analysis 
for  aach  of  tha  tastad  couplas.  Thasa  couples  a ra  tha  following  : 

'  Cr2°3/Cr2°3 

-  ai2o3/ai2o3 

-  ^203/Cr2°3 


Spaclal  compounds  xCr^  +  (1  -  x)  AljOj 


3. 2. 2. 2.1  s  Cr203/Cr203 

X-Ray  analysis  of  tha  surf  seas  did  not  permit  datactloa  of 
any  othar  aatarial  than  CTjO^ . 

Tha  svolutlon  of  the  roughness  parameters  (Ra  and  Ry)  versus 
tampers tura  (with  normal  type  tests,  frea  20*C  up  to  850*C)  la  given  In 
table  6.  Glazed  surfaces  were  always  obtained,  except  In  tha  test  at  room 
temperature  (20*C) .  Above  550*C,  we  observed  the  appearance  of  cracks  on 
the  edges  of  the  samples.  This  phenomenon  increased  with  the  temperature, 
but  never  reached  the  sliding  surfaces. 

Micro hardness  measurements  were  done  on  the  surfaces  after  normal 
tests.  The  results  are  listed  In  figure  31.  The  value  shown  Is  the  average 
of  at  least  12  measurements  made  by  two  different  operators.  We  can  observe 
that  the  hardness  of  the  material  Increases  with  the  testing  temperature. 

In  addition,  we  noticed  that  the  fils  that  forms  on  the  surfaces  evolves 
In  an  Interesting  way  >  it  begins  as  a  powder  at  low  temperature,  and 
becomes  Increasingly  compact  and  cohesive  as  the  temperature  increases. 


Testing 

Temperature 

CC) 

Ra  (  m) 


Before 

teat 


0,176  :  0,053 


Rt  (  a)  :  1,664  :  2,483  :  0,892 


0,029  :  0,027 


0,809  :  0,693  t  0,775 


Table  6  :  Roughness  parameters  Ra  and  Rt  of  the  surfaces  of  CTjQ^ 
after  tests  at  20,  225,  550,  700  and  85Q*C. 


Temperature 


ratio  Cr/Al  on 


ratio  Al/Cr  on 


400*C 


0,0345 


0,0447 


0,0547 


0,0454 


Table  7  :  Cr/Al  and  Al/Cr  ratios  measured  respectively  on  AljO^  and  Cr^O^ 
after  continuous  type  tests  at  400  and  900*C. 


Roughness 


Temperature 


ai2o3 


400 *C  i  0,104 


2,008  :  0,051 


900 *C  s  0,088  s  1,532  :  0,071 


Table  8  t  Variation  of  the  roughness  parameters 
CTjO^,  versus  test  temperature. 


Ra  and  Rt  of  AljOj  and 
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3. 2. 2. 2. 2  :  Al^/Al^ 


After  testing,  tbs  Al2°3  costings  are  very  damaged .  Cracking  of 
tbs  edges  is  observed  systematically  above  550*C  ;  the  coating-substrate 
Interface  Is  often  sheared  t  an  abundant  wear  powder  is  obtained. 

Optical  and  electronic  microscopy  show  characteristic  surfaces 
on  which  smooth  and  glased  areas  can  be  seen.  Their  sizes  vary  from  several 
tenths  of  a  millimeter  to  several  millimeters.  These  areas,  which  are  quite 
numerous,  are  distributed  on  the  whole  sliding  surface  and  surrounded  by 
much  wear  debris. 

X-ray  diffractamatry  of  the  surfaces  shows  no  evolution  of  the 
phases  of  alumina  below  900*C.  In  air  above  900 “C,  an  incomplete 
transformation  !-•  £  can  be  observed.  In  a  vacuum,  we  observed  a  total 
transformation  of  alumina  In  <*-  Al^Q^  :  these  different  behaviours  In  air 
and  in  a  vacuum  have  not  been  explained  until  now. 

3. 2. 2. 2.3  s  AIjOj/CTjOj 


On  a  macroscopic  scale,  there  is  no  noticeable  morphologic 
difference  between  Al^O^  and  Cr^O ^ . 

Table  7  gives  the  results  of  microscan  measurements  :  we  observe 
that  there  Is  reciprocal  transfer  of  both  materials. 

Table  8  gives  roughness  parameters  Ra  and  Rt  versus  test 
temperature  :  these  results  show  that  the  Increase  of  temperature  increases 
the  roughness  of  alumina,  and  decreases  that  of  Cr2°3‘ 

Microhardness  measurements  were  only  carried  out  on  the  alumina 
sample,  for  it  la  easy  to  locate  the  layer  with  the  optical  device  of  the 
mlcrohardnesa  test  apparatus  :  we  can  observe  that  the  superficial  hardness 
of  the  samples  increases  with  test  temperature. 

This  is  probably  related  to  the  evolution  of  the  chromium  ratio  on 
the  surface  of  the  AljO ^  sample  :  this  ratio  increases  with  temperature  too. 
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3. 2. 2. 2. 4  :  Special  compounds  : 


Three  types  of  testa  were  carried  out  with  these  materials,  in 

air  : 

-  the  special  compound  against  itself 

-  the  special  compound  against  AljOj 

-  the  special  compound  against  Cr^O^ 


X-Ray  analyses  did  not  permit  detection  of  the  formation  of  new 
compounds.  However,  such  compounds  must  exist  because  it  is  possible  to 
observe  surface  layers  of  different  colors  (from  light  pink  to  dark  green) . 
This  color  variation  is  reminiscent  of  that  of  the  solid  solutions 


Al2°3-Cr2°3- 


Microanalysis  of  alumina-based  surfaces  clearly  showed  the  presence 
of  Cr,  wt  ch  was  not  present  before  testing.  Its  ratio  increases  with  the 
CTjOj  rate  of  the  opposing  sample. 


3. 2. 2. 3  :  Discussion  : 


The  curves  show  that  two  phases  can  be  distinguished  in  this 

friction  s 

-  a  transient  phase  :  the  lower  the  temperature,  the  more  pronounced  it  is. 

-  a  stable  phase  where  the  coefficient  of  friction  depends  on  the  temperature. 

Our  work  deals  especially  with  the  second  phase,  although  the  first 
is  important.  The  evolution  of  the  coefficient  of  friction  depends  on  the 
pairing  of  the  materials  :  therefore/  we  will  discuss  our  study  pair  by  pair. 

3. 2. 2. 3.1  :  cr203/cr203 


The  evolution  of  the  coefficient  of  friction, as  well  as  the  wear. of 
this  pair/  suggest  the  existence  of  two  phases  of  this  friction  (fig.  17  to  20)  : 

-  under  200*C  :  friction  is  high  and  of  poor  quality 

-  from  200*C  to  900*C  :  friction  is  low  and  regular  and  wear  is  negligible. 
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During  the  first  phase,  the  environment  seems  to  hava  little 

influence  on  friction  :  if  it  is  0.5  in  air,  it  ia  0.6  in  a  vacuus.  After 

the  test  there  was  practically  no  wear  of  tha  sliding  surfaces,  which, 

however,  had  a  powdery  appearance  with  a  few  thin  scratches.  These  miniscule 

particles  adhere  physically  to  the  surfaces  allowing  tha  particles  to 

circulate  in  the  sliding  interface  in  an  almost  closed  circuit.  This  phenomenon 

results  in  the  fozasation  of  a  fils  of  compacted  debris  at  the  end  of  the 

transient  phase.  The  film  increased  the  real  contact  area  and  thus  decreased 

the  real  contact  pressure,  and  also  slowed  down  the  process  of  creating  wear 

particles.  In  this  phase  we  also  varied  the  load,  between  0.25  and  4.5  N/mm2 

(see  figures) .  we  observed  a  high  coefficient  of  friction  for  pressures  below 
2  2 

1  N/mm  as  well  as  for  pressures  above  3  N/mm  .  In  addition  we  can  note  that  the 
rate  of  wear  is  higher  with  lower  loads  than  with  higher  loads.  However,  after 
cleaning  the  samples  in  an  ultra-sonic  tank  the  loss  of  mass  became  very 
significant,  which  shows  that  most  of  the  debris  remain  at  the  interface  and 
adhere  slightly. 

During  the  second  phase  of  sliding  (between  200*C  and  800*0  we 
observed  a  change  in  the  behaviour  of  the  sliding  pair,  since  the  coefficient 
of  friction  became  low  and  regular,  and  wear  negligible.  It  is  during  this 
second  phase  that  glazed  frictional  surfaces  appeared.  Under  these  conditions, 
wear  is  comparable  to  that  of  the  best  performances  of  anti-wear  treatments, 
and  tha  roughness  parameters  show  that  the  obtained  roughness  is  comparable 
to  that  after  the  best  polishing.  Finally,  the  microhardness  messurmaents 
indicate  that  the  compactness  of  the  surface  films  Increases  with  temperature. 

We  should  note  that  above  550*C  thermal  cracks  appear,  resulting 
in  spalling  at  the  edges  of  the  samples.  The  finishing  scratches  often  serve 
to  begin  the  cracks. 

The  negligible  wear  and  the  absence  of  debris  suggest  that  glazing 
is  not  due  to  a  process  of  formation  and  compaction  of  particles  followed  by 
a  plastic  deformation  (as  in  alumina) .  The  formation  of  glazed  layers  on 
Cr203  begins  at  relatively  low  temperatures  (200*0  and  occurs  rapidly  as 
shown  by  the  short  transition  phase  of  the  friction  coefficient.  Under  these 
conditions,  the  wear  induced  by  sliding  is  negligible,  sad  scratches  from 
lapping  are  still  visible.  These  layers  have  the  appearance  of  a  vary  smooth 
shiny  surface  with  a  beautiful  mirror  effect. 


The  refractarity  of  tba  material  and  the  surfaca  morphology  of 
tha  layar  analyaad  by  scanning  microscope  indicated  that  thermal  softening 
and  plastic  deformation  are  not  responsible  for  this  layar. 

To  explain  tha  constitution  of  this  glazad  layer,  we  proposed  a 
new  explanation  for  tha  absence  of  wear  debris  and  tha  rapidity  of  formation 
of  tha  glazad  film  :  tha  development  of  a  very  thin  and  shiny  layar  on  tha 
sliding  surfaces  of  chromium  axide/chromium  oxide  friction  in  oxidizing 
atmosphere,  occurs  because  of  the  heat  engendered  by  the  friction  at  the 
level  of  the  asperities  which  oxide  according  to  the  reaction  : 

Cr2°3  +  |  °2  2  °3 

(s)  (g)  (g) 

This  gives  a  smooth  erosion  of  the  tips  of  the  asperities  without 
creation  of  debris.  The  gas  produced  (Cr  0^)  can  be  released  into  the 
atmosphere  or  even  condensed  in  the  colder  zones,  such  as  tha  hollows 
between  asperities  where  it  is  again  transformed  into  CZjQ^ ,  which  implies 
considerable  difficulty  in  demonstrating  the  presence  of  Cr  0^.  in  support 
of  this  hypothesis,  we  will  cite  various  bibliographic  sources  :  the  weight 
loss  of  CTjO^  in  oxidizing  atmosphere  above  1000*C  was  well  established  by 
ref.  C3Q]  .  The  reaction  cited  above  has  been  used  by  many  teams  C3Q.  31.  323  . 

Finally,  this  process  may  explain  the  transfer  of  chromium  oxide 
on  alumina  during  the  friction  of  CTjO^/AIjO^ . 

The  friction  tests  in  a  vacuum  also  tend  to  confirm  our  hypothesis. 
The  morphology  of  the  obtained  surfaces  shows  a  network  of  cracks  and  smooth 
areas  (due  to  the  release  of  gas) ,  juxtaposed  with  abr as 1 ve~ type  damage  with 
decohesion  and  fracturing  of  oxide  particles. 

3. 2. 2. 3. 2  :  Al^/hl^ 

The  results  of  the  tests  are  shown  in  fig.  21  and  22,  where 
each  point  represents  the  mean  value  of  the  friction  coefficient  after  3  an. 
The  sliding  is  very  jerky  (stick-slips)  and  the  friction,  between  20  and 
S50*C,  is  catastrophic  with  maximal  values  reaching  1.8  -  0.5. 
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Whan  tha  temperature  increases,  the  friction  coefficient  quickly 
rises  to  a  maximum  at  about  400 *C,  than  it  decreases.  Wa  can  distinguish 
two  phases  in  tha  friction  s 

-  under  400 *C 

-  above  400 *C 

In  tha  first  phase,  tha  increase  of  the  friction  coefficient  was 
attributed  to  the  progressive  desorption  of  water  vapor,  which,  at  ambient 
temperature,  plays  a  very  important  protective  rOle.  The  jerky  sliding  is 
caused  by  abrasive  processes  at  the  frictional  interface.  Similarly,  plastic 
deformations  contribute  significantly  to  the  dissipation  of  the  frictional 
energy  and  to  the  appearance  of  intergranular  cracks.  We  have  severe  wear 
giving  large  quantities  of  debris  in  a  very  fine  powder. 

In  the  second  phase,  the  behaviour  of  alumina  changes.  We  have  a 
reduction  of  tha  friction  coefficient  with  the  increase  of  the  temperature, 
while  the  influence  of  the  water  vapor  is  completely  eliminated.  This 
reduction  can  be  attributed  to  the  significant  decrease  in  the  thermal 
conductibility  of  alumina  between  400  and  900*C.  The  evacuation  of  the  heat 
is  braked.  The  difference  in  temperature  between  the  contacting  tones  and 
the  coating  is  sufficient  to  facilitate  shearing  through  thermal  softening 
of  the  surfaces  :  the  friction  coefficient  decreases.  Then  superficial  films 
are  formed  through  agglomeration  and  compacting  of  wear  debris.  These  films  i 

are  thermally  softened,  as  dmsonstratsd  by  the  presence  of  scratches.  These 
are  not  really  continuous  films,  but  rather  series  of  glazed  areas  of  variable 
size.  Their  dimensions  increass  with  ths  temperature  and  the  velocity.  The 
formation  mechanima  of  these  glazed  films  would  be  the  following  : 

-  emission  of  very  m&all  wear  debris 

I  ! 

-  agglomeration  and  compacting  of  these  detar  is 

-  high  plastic  deformation 

The  tests  in  a  vacuum  showed  that  tha  atmosphere  did  not  play  an  | 

important  rdla  in  tha  f  r lotion  of  alumina  »  tha  variation  of  tha  friction  1 

coefficient  is  vary  similar  to  that  found  in  air.  ■' t ' 


-  58 


f 

} 

f 

(' 


V 

i 

> 

| 

i 

i 

5 

?; 

£ 

r 

<■ 


3. 2-2. 3. 3  :  Al^/Cr^ 

Tha  test  rasults  art  shown  in  fig.  22  b  and  23.  He  can  h«  that 
the  evolution  of  th«  friction  coefficient  is  situated  between  that  of  the 
pairs  AijO^/AljOj  and  CTjOj/CTjOj.  He  have  again  two  phases  :  one  below 
400*C  and  another  above. 

He  studied  in  particular  tha  second  phase  which  is  sore  pertinent 
fra:  high  temperature  applications. 

In  this  phase  the  friction  coefficient  increases  in  a  linear 
relationship  to  the  temperature.  He  can  notice  that  we  are  near  the  behaviour 
of  the  pair  Cr^/Cr^ .  This  is  due  to  the  significant  transfer  of  Cr203 
into  the  A^2°3*  w*  can  also  aM  seme  AljOj  on  the  C^O^.  In  tha  first  case 
this  transfer  is  due  to  the  same  mechanism  that  we  suggested  for  the  glazing 
of  cr2°3  :  formation  of  gaseous  Cr  0^  which  condenses  on  the  colder  areas. 

It  is  the  only  mechanism  that  explains  satisfactorily  the  transfer  without 
emission  of  debris.  In  the  second  case,  we  think  that  the  wear  debris  from 
the  first  second  of  sliding  are  trapped.  This  hypothesis  is  supported  by 
tha  fact  that,  if  the  quantity  of  Cr^Q^  on  Al^O^  can  reach  significant 
proportions,  the  amount  of  Al^O^  on  Cr2°3  always  remains  the  same. 

In  a  vacuum  (see  fig.  30}  tha  friction  charactariatlcs  are  close 
to  these  of  AljO^/Al^O^ ,  because  of  the  absence  of  oxidation  and  because 
A1203  shears  more  easily  than  Cr^Oj •  The  paucity  of  observations  in  this 
area,  however,  suggests  we  make  these  deductions  with  caution. 


3. 2. 2. 3. 4  :  Coatings  with  variable  content  : 

Our  observations  (see  fig.  25  to  27)  show  that  i 

-  the  addition  of  a  few  percentage  points  of  Cr203  to  alumina 
markedly  improves  the  coefficient  of  friction  of  AljOj/kljOj  pairs,  without 
noticeable  variation  in  their  thermal  stress  resistance. 

-  the  addition  of  Cr203  in  larger  amounts  ( >  10%)  improves  the 
friction  coefficient  even  more,  but  the  cohesion  among  tbs  coating  particles 
is  reduced,  which  results  in  an  increase  in  the  wear  rate. 


-  tha  addition  of  a  f aw  parcantaga  points  of  &i2°3  M  th*  Cz2°3 
coatings  baraly  changas  tha  friction  coafficiant  of  tha  Cr^/Cr^  pairs. 

Sanaraly  apaaking,  wa  can  say  that  tha  prasanca  of  CTjO^,  govarns 
tha  sliding  friction  of  tbasa  oxida  conciliations.  This  is  aspacially  trua 
abova  a  cartain  taaparaturt,  which  is  lowoar,  tha  anra  tha  aaount  of  Cr203 
is  high.  Thasa  obsarvations  support  our  hypo th as is  concarning  tha  transfar 
machaniaB  of  Cr203  in  gasaous  stata. 
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CONCLUSIONS 

We  studied  tha  evolution  of  the  coefficient  of  friction  between  20* 
and  1000*C  as  a  function  of  tha  temperature  of  various  types  of  refractory 
coatings.  So  we  were  able  to  show  the  existence  of  several  mechanises 

-  At  low  temperature  (0  <  400*0 

The  variations  of  the  friction  coefficient  and  wear  were  correlated 
to  the  changes  in  the  behaviour  of  superficial  layers  induced  by  adsorption  - 
desorption  phenomena. 

-  At  high  tvperature  (0^400*0 

He  demonstrated  the  importance  of  oxidation  in  every  case. 

-  Carbide  based  coatings 

When  the  oxidation  is  low  (400  4  6  <  800  to  1000*0  the  conditions 
are  present  for  the  constitution  of  a  glazed  layer  which  induces  low  and 
regular  friction  as  wall  as  negligible  wear. 

Increase  in  temperature  leads  to  catastrophic  wear  which  quickly 
destroys  the  coating. 

Tha  glazed  layers  are  composed  of  a  mixture  of  large  amounts  of 
°*ides  and  amorphous  carbon.  The  carbide  particles  act  as  reservoirs  of 
carbon,  released  by  oxidation. 

-  Ceramic  coatings 

The  chromium  oxide  contributes  significantly  to  the  glazing  of 
surfaces,  which  gives  maooth  and  regular  friction,  as  well  as  negligible 
wear. 

This  glaze  is  a  result  of  the  oxidation  of  chromiixi  oxide  which 
is  transformed  into  gaseous  Cr  Oy  which  then  condenses  in  the  cold  zones 
and  is  retransformed  into  Cr203> 

With  alumina/alumina  friction,  the  constitution  of  little  glased 
**■••*  of  compacted  debris  eliminates  the  abrasive  nature  of  the  wear. 


improving  friction  and  reducing  wear. 

With  AljOj-Ce-jOj  comb  1  nation*,  w«  danonatratad  that  tha  Cr^Q^ 
datarainaa  tha  process  of  friction  and  wear,  avan  in  sail  amounts. 

Finally,  wa  should  nota  that,  in  tha  ranga  of  tha  temperatures 
studied,  tha  carbida  basad  carmat  coatings  hava  a  much  higher  thermal  stress 
resistance  than  oxide  basad  ceramic  coatings. 
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